Abstract. One-dimensional nanostructures exhibit interesting electronic and optical properties due to their low dimensionality leading to quantum confinement effects. ZnO has received lot of attention as a nanostructured material because of unique properties rendering it suitable for various applications. In this paper, ZnO nanowires are synthesized in large quantity through thermal oxidation of brass (Cu 0.7 Zn 0.3 alloy). The epitaxial relationship between the brass substrates and ZnO layer and the epitaxial relationship between the ZnO nanowire and ZnO layer have been examined.
Introduction
Zinc oxide (ZnO) is a semiconductor with a direct wide band gap (3.37 eV) and large exciton binding energy (60 meV), which has received extensive interest due to its wide potential applications in electronics, optics and photonics. [1] [2] [3] ZnO also exhibits a diversity of nanostructures and morphologies including wires, belts, tubes, rods, springs, and rings. One-dimensional (1D) ZnO is expected to open wide-ranging application possibilities ranging from nanophotonics, nanoeclectronics, to nanobiotechnology. [4] [5] [6] Differnet approaches have been used for the preparations of 1D ZnO entities, for example, vapor-solid (VS), vapor-liquid-solid (VLS), epitaxial growth, hydrothermal, and other solution processes.
ZnO nanostrucutres have been obtained by directly heating Zn substrates in air or an oxygen containing atmosphere. [3, 7] Since the melting temperature of zinc is relatively low (419.5°C), oxidation of Zn at high temperatures usually results in highly roughened surfaces. It was recently showed that ZnO nanowires can grow on brass (Cu-Zn alloy) substrates by directly oxidizing brass in an oxygen atmosphere. [8] Brass with a Zn content less than 35% stays as a solid at the temperature up to 900 °C, which is beneficial for the formation and applications of ZnO nanostructures at high temperatures. In this work, we present a study on the formation of ZnO nanowires synthesized by thermal oxidation. Particularly, the epitaxial relationship between the brass substrates and ZnO layer and the epitaxial relationship between the ZnO nanowire and ZnO layer has been examined in detail.
Experimental
High-purity brass (Cu 0.7 Zn 0.3 alloy) substrates (99.98%) with a thickness of 0.25 mm are used in the oxidation experiments. The brass sheets are cut into approximately 1 cm × 1 cm foils and then thoroughly rinsed with deionized water followed by ultrasonication in acetone for 5 min. The cleaned brass substrates are dried in N 2 and then placed on a substrate heater in a vacuum chamber and the sample temperature is monitored using a K-type thermocouple in contact with the substrate heater. The oxidation chamber is first pumped to vacuum (~2×10 -6 Torr), and then filled with oxygen gas at the pressure of 300 mbar (oxygen purity is 99.999%). The chamber is then sealed and the brass samples are heated to 350 °C at a rate of ~ 20°C /min. It is then cooled down in the same oxygen atmosphere to room temperature at a rate of ~ 10°C/min. Growth morphologies and crystal structures of the oxidized samples are examined using a field emission scanning electron microscopy (FEG-SEM, FEI Supra 55VP) and X-ray diffraction (XRD, PANalytical's X'Pert). The thickness of the oxide layer formed from the oxidation is measured from cross-sectional SEM samples prepared by a cross section polisher. Grain structures in the oxide layers are examined by fractured cross sections of the samples. Cross-sectional transmission electron microscope (TEM) specimens are made from the brass foils oxidized at 350°C. The microstructures of nanowires are analyzed using a JEOL JEM 2100F TEM operated at 200 kV.
Results and Discussion There are no peaks of CuO or Cu 2 O found in these XRD patterns, suggesting that Cu is not oxidized during the heating process. This is because Cu is more noble than Zn, and even if there is little CuO formed, it may be easily reduced to Cu by Zn + CuO = ZnO + Cu since ZnO is thermodynamically more stable than CuO under the oxidation condition. 2 shows typical SEM images obtained from the samples oxidized at the oxygen pressure of 300 mbar for 1h. As can be seen in Fig. 2(a) , at the relatively low oxidation temperature, the surface is covered by dense nanowires, with diameters of ~ 30 nm and length up to microns. The overview of the low-magnification surface morphology (the inset in Fig. 2 a) shows that the surface of the brass sample oxidized at 350°C is smooth. The thickness of the oxide layers is examined by cross-sectional SEM images. Fig. 2(b) shows representative cross-sectional SEM images, which can be seen that the oxidation results in the growth of a single ZnO layer located directly above the Cu-Zn substrate and ZnO nanowire formation on the ZnO layer. The oxide nanowires are relatively aligned and perpendicular to the substrate surface. 
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Cross-sectional TEM specimens are made from the oxidized samples to examine the ZnO/Cu-Zn interface region and ZnO root areas. Fig. 3(a) shows a typical cross-sectional TEM image of a brass substrate oxidized at 350°C, which reveals clearly that it is a three-layered structure. It can be seen that the oxidation results in a single ZnO layer on the Cu-Zn alloy and the thickness of the ZnO layer is ∼ 250 nm, consistent with the cross-sectional SEM results as shown in Fig. 2(b) . Fig. 3(b) shows an HRTEM image obtained from the Cu-Zn region, which reveals that the underlying brass grain is a single crystal with a cubic structure. The typical SAED pattern of Cu-Zn region is shown in the inset of Fig. 3(d) . The lattice constant of the Cu-Zn alloy in area A is smaller than the lattice constant of the Cu-Zn alloy in area B, which can be attributed to the gradual consumption of Zn in the Cu-Zn alloy for ZnO formation during the oxidation. Fig. 3(c) displays a HRTEM image form the interface region between the ZnO overlayer and the Cu-Zn substrate, which shows their epitaxial relationship:{0002} ZnO //{110} Cu-Zn . HRTEM image form the interface region between the ZnO nanowire and ZnO overlayer is shown in Fig. 4(d 
